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SOUND-WAVE IMAGING METHOD AND 




The present invention relates to methods and 
apparatuses for imaging by sound waves . 

More particularly, the invention relates to a sound- 
5 wave imaging method including at least one emission step 
during which a first array of transducers (comprising at 
least one transducer) is caused to emit at least one 
ultrasound excitation wave presenting a certain central 
emission frequency f c and focused on at least one target 
10 point in a target medium, and said excitation wave is 
caused to pass through a reverberant medium prior to 
reaching the target medium. 

Document WO— A— 9 7/03438 describes a method of this 
type that gives complete satisfaction. 
15 A particular object of the present invention is to 

further improve that known method in order to make it 
easier to use, in particular for medical or industrial 
applications . 

To this end, according to the invention, a method of 
20 the kind in question is characterized in that during the 
emission step, a reverberant solid object is used as the 
reverberant medium, with each transducer of the first 
array being secured thereto, said reverberant solid 
object being adapted to give rise to multiple reflections 

2 5 of the excitation wave that passes therethrough and to 

cause an impulse wave of duration l/f c entering into said 
solid object to lead to sound emission to the target 
medium taking place over a duration of not less than 
10/fc. 

3 0 By means of these dispositions, the reverberant 

object and the first array of transducers together form a 
one-piece probe in which the transducers of the first 
array are positioned accurately in advance, thus avoiding 
or greatly reducing adjustments on each use. In 
35 addition, when the reverberant solid object is of small 
size and light weight, the probe is easy to handle, 
without upsetting the positioning of the transducers. 
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In various implementations of the method of the 
invention, recourse may optionally also be had to one or 
more of the following dispositions: 

• during the emission step, the excitation wave s(t) 
5 is emitted towards a number K not less than 1 of 

predetermined target points k belonging to the target 
medium, by causing each transducer i of the first array 
to emit an emission signal: 

Si(t) = f e ik (t) ® s(t) 

k=l 

10 where the signals e ik (t) are predetermined individual 

emission signals adapted so that when the transducers i 
emit the signals e ik (t), an impulse sound wave is 
generated at the target point k; 

• the signals e ik (t) are encoded on a number of bits 
15 lying in the range 1 to 64; 

• the signals e ik (t) are coded on 1 bit; 

• the individual emission signals e ik (t) are 
determined experimentally during a training step, prior 
to said emission step; 

2 0 • during the training step, an ultrasound impulse 

signal is caused to be emitted successively from each 
predetermined target point k, the signals r ik (t) received 
by each of the transducers i of the first array from the 
emission of said ultrasound impulse signal are picked up, 
25 and the individual emission signals e ik (t) are determined 
by time reversal of the received signals r ik (t) : 

e ik (t) = r ik (-t) ; 

• during the training step, a liquid medium 
different from the target medium is put into contact with 

3 0 the reverberant solid object, and said impulse signal is 

caused to be emitted from said liquid medium; 

• during the training step, for a predetermined 
target point k, an ultrasound impulse signal is caused to 
be emitted in succession from each of the transducers i 

35 of the first array, the signals r ik (t) received at the 
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target point k from the emission of said ultrasound 
impulse signals are picked up, and the individual 
emission signals e ik (t) are determined by time reversal of 
the received signals r ik (t): 
5 e ik (t) = r ik (-t) ; 

• during the training step, a liquid medium 
different from the target medium is put into contact with 
the reverberant solid object, and the signals r ik (t) are 
picked up in said liquid medium; 

10 • the liquid medium used during the training step 

essentially comprises water, and during the emission 
step, the target medium in which the excitation wave is 
focused comprises at least a portion of the body of a 
patient; 

15 • the individual emission signals e ik (t) are 

determined by calculation; 

• the reverberant solid object through which the 
excitation wave is caused to pass during the emission 
step is in contact with the target medium; 

2 0 • the method further comprises a step of receiving 

echoes emitted by the target medium in response to the 
excitation wave, in order to image at least a portion of 
said target medium; 

• the excitation wave is emitted for a duration 
25 lying in the range l/2f c to 10/f c ; 

• during the emission step, the excitation wave 
passes through at least one acoustically non- linear 
medium and presents an amplitude that is sufficient for 
waves that are harmonics of the central emission 

3 0 frequency to be generated in said acoustically non- linear 

medium; and during the reception step, echoes returned 
from the target medium are picked up at a receive 
frequency that is an integer multiple of the central 
emission frequency; 
3 5 • the harmonic waves are generated in the target 

medium, which presents non- linear acoustic behavior; 
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• during the reception step, the echoes returning 
from the target zone are picked up at a receive frequency 
equal to two or three times the central emission 
frequency; 

5 ■ during the emission step, the target medium in 

which the excitation wave is focused comprises at least a 
portion of the body of a patient; 

• during the reception step, the echoes returning 
from the target zone are picked up by means of a second 

10 array of transducers secured to said reverberant solid 
object ; 

• during the emission step, an amplitude modulated 
excitation wave is emitted that is adapted to apply 
radiation pressure on the target medium to generate a low 

15 frequency shear wave; and 

• during the emission step, an excitation wave is 
emitted that is adapted to heat the target medium 
locally. 

Furthermore, the invention also provides a sound - 
2 0 wave imaging apparatus comprising at least emitter means 
comprising a first array of transducers, said emitter 
means being adapted to cause at least one ultrasound 
excitation wave to be emitted by the first array of 
transducers through a reverberant medium, the emitted 

2 5 wave presenting a certain central emission frequency f c 

and being focused on at least one target point of a 
target medium, 

the apparatus being characterized in that the 
reverberant medium comprises a reverberant solid object 

3 0 having each of the transducers of the first array secured 

thereto, said reverberant solid object being adapted to 
give rise to multiple reflections of the excitation wave 
passing therethrough and to cause an impulse wave of 
duration l/f c entering said solid object to lead to sound 
3 5 being emitted towards the target medium over a duration 
of not less than 10/f c . 
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In various embodiments of the apparatus of the 
invention, recourse may optionally also be had to one or 
more of the following dispositions: 

• the emitter means are adapted to cause the 

5 excitation wave s(t) to be emitted to a number K not less 
than 1 of predetermined target points k belong to the 
target medium, by causing each transducer i of the first 
array to emit an emission signal: 

Si(t) = I e lk (t) ® s(t) 

k = l 

10 where the signals e ik (t) are predetermined individual 

emission signals adapted so that when the transducers i 
emit the signals e ik (t) , an impulse sound wave is 
generated at the target point k; 

• the apparatus further comprises receiver means for 
15 receiving echoes emitted by the target medium in response 

to the excitation wave in order to image at least a 
portion of said target medium; 

• the emitter means are adapted to emit the 
excitation wave for a duration lying in the range l/2f c to 

20 10/f c ; 

• the receiver means are adapted to receive the 
echoes returning from, the target medium at a receive 
frequency that is an integer multiple of the central 
emission frequency; 

2 5 • the receiver means are adapted to receive the 

echoes returning from the target medium at a receive 
frequency equal to twice the central emission frequency; 

• the receiver means comprise a second array of 
transducers secured to said reverberant solid object; 

3 0 • the emitter means are adapted to emit an 

excitation wave adapted to apply radiation pressure on 
the target medium; and 

• the emitter means are adapted to emit an 
excitation wave adapted to heat the target medium 

35 locally. 
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Other characteristics and advantages of the 
invention appear from the following description of its 
implementations, given by way of non-limiting example and 
with reference to the accompanying drawing. 
5 In the drawing, Figure 1 is a diagrammatic view 

showing apparatus for focusing ultrasound waves in an 
embodiment of the invention. 

The ultrasound wave focusing apparatus 1 shown in 
the figure is intended for example for imaging a target 
10 medium 2, e.g. a portion of the body of a patient in a 

medical application, or indeed a portion of an industrial 
article in non-destructive or other inspection 
applications . 

More precisely, the ultrasound wave focusing 
15 apparatus 1 is for imaging a zone 3 under examination in 
the target medium 2, said zone 3 possibly being three- 
dimensional . 

For this purpose, the imaging apparatus 1 is adapted 
to emit a succession of ultrasound excitation waves 

20 focused on different predetermined target points 4 

belonging to the zone 3 . After emitting each excitation 
wave, the imaging apparatus picks up the echoes emitted 
by the target zone in response to said excitation waves, 
preferably by focusing in reception also on the point 4 

2 5 on which the excitation wave was focused. 

The excitation waves are emitted by a first array 5 
of emission transducers 6, which are secured to a 
reverberant solid object 7 adapted so that the excitation 
waves emitted by said first array 5 of transducers are 

30 subjected to multiple reflections inside said solid 

object prior to reaching the target medium 2, which is 
placed in contact with said solid object 7. 

The emission transducers 6 may be of any number 
lying in the range one to several tens, e.g. about one 

35 hundred, and passing via intermediate values such as a 
number lying in the range five to ten as in the example 
shown in Figure 1 . 
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In the example described, the object 7 can be 
constituted by a block of metal or some other rigid 
material in which ultrasound waves propagate with very 
little attenuation and with long reverberation times, 
5 such that an impulse wave of duration l/f c emitted by the 
first array 5 of transducers leads to sound being emitted 
into the target medium 2 over a duration of not less than 
10/f c . 

In the example described herein, the object 7 is 
10 generally in the shape of a rectangular parallelepiped 
having a recess 8 formed therein having the shape of a 
portion of a sphere, the transducers 6 of the first array 
being, for example, stuck on the face of the object 7 
that is situated remote from the face of said object that 
15 is to come into contact with the target medium 2. 

Naturally, other general shapes could be envisaged 
for the object 7 and/or the recess 8. 

The echoes returning from the target zone 3 after 
the emission of an excitation wave that is focused on one 
20 of the target points 4 are themselves picked up by a 

second array 9 of receiver transducers 10, which receiver 
transducers may optionally also be secured to the above- 
mentioned object 7, e.g. on the face of said object that 
is in contact with the target medium 2 . 

2 5 The receiver transducers may be of any number, lying 

in the range one to several tens (these transducers are 
four in number in the particular example shown in 
Figure 1) . 

The transducers 6, 10 are controlled independently 

3 0 of one another by a microcomputer 12 (conventionally 

provided with user interfaces such as a screen 12a and a 
keyboard 12b) , possibly via a central processor unit CPU 
contained for example in an electronics rack 11 connected 
via a flexible cable to the transducers 6, 10. 
3 5 By way of example, the electronics rack 11 may 

comprise : 
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• respective sampler circuits E1-E6; E'l-E'4 
connected to each of the transducers 6, 10; 

• respective memories M1-M6; M ! l-M f 4 connected to 
the samplers of each of the transducers 6, 10; 

5 • a summing circuit S connected to the memories MI- 

MS; M'l-M'4; and 

• a general memory M connected to the central 
processor unit CPU. 

The above-described apparatus operates as follows. 

10 Prior to any imaging operation, a matrix of 

individual emission signals e ik (t) is initially determined 
in such a manner that in order to generate an excitation 
wave s(t) at a target point k, each transducer i in the 
first array 5 is caused to emit an emission signal: 

15 s ± (t) = e ik (t) ® s(t) 

The individual emission signals may optionally be 
determined by calculation (e.g. by a space- time reversal 
filter method) , or they may be determined experimentally 
during a preliminary training step. 

2 0 During this training step, an ultrasound impulse 

signal may advantageously be emitted by an emitter such 
as a hydrophone placed successively at each target point 
k; and the signals r ik (t) received by each of the 
transducers i in the first array 5 on the basis of the 
25 emission of said ultrasound impulse signal are picked up. 
The signals r ik (t) picked up in this way are forwarded to 
the CPU, which then calculates the individual emission 
signals e ik (t) by time reversal of said received signals: 

e ik (t) = r ik (-t) 

3 0 If the target medium 2 is a liquid medium, it may 

perhaps be possible to proceed with the preliminary 
training step by positioning the ultrasound wave emitter 
in succession at the various target points 4 in the zone 
3 to be examined. If the medium 2 is a portion of the 
35 body of a patient or a similar medium comprising a large 
quantity of water, it may be possible to proceed with the 
training stage by replacing the medium 2 with a volume of 
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liquid that preferably comprises a majority of water, and 
successively positioning the ultrasound wave emitter at 
the locations of the various target points 4, in 
positions identified relative to the reverberant solid 
5 object 7. 

By taking advantage of the three-dimensional 
reciprocity principle, it is also possible to determine 
the signals e ik (t) by placing one or more hydrophones 
successively at the target points k in the above- 

10 mentioned liquid medium. For each hydrophone position k, 
an ultrasound impulse signal is caused to be emitted in 
succession by each of the transducers i, and the signals 
r ik (t) are picked up by the hydrophone. Thereafter, the 
signals e ik (t) are deduced by time reversal: 

15 e ik (t) = r ik (-t) 

Thereafter, when it is desired to image the zone 3 
for examination in the target medium 2, the reverberant 
solid object 7 is put into contact with the target 
medium, and the transducers 6 of the first array are 

20 caused to emit a succession of excitation waves each 

localized on one of the target points 4 of the zone 3 to 
be examined. 

For this purpose, in order to focus an excitation 
wave on a target point k, each transducer i of the first 
25 array 5 is caused to emit an emission signal: 

Si(t) = e ik (t) ® s(t) 

This operation of emitting an excitation wave is 
repeated for each of the target points 4 in the zone 3 
for examination. 
30 In a variant, it is also possible to generate an 

excitation wave s(t) that is focused on a number K of 
target points 4 in the zone 3 for examination, where K is 
greater than 1, by causing each transducer i of the first 
array 5 to emit an emission signal: 

35 Si(t). = £ e ik (t) ® s(t) 
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The excitation waves as emitted in this way presents 
a central frequency that can lie in particular in the 
range 200 kilohertz (kHz) to 100 megahertz (MHz) , e.g. at 
3 MHz, and these excitation waves are emitted by the 
5 transducers 6 of the first array for a duration lying in 
the range l/2f c to 10/f c . 

After each emission of an excitation wave focused on 
one or more target points 4 of the zone 3 for 
examination, the echoes returned by the target medium 2 

10 are picked up by means of the receiver transducers 10 of 
the second array 9. The signals as picked up in this way 
are digitized by the samplers E'l-E'4 and stored in the 
memories M'l-M'4, and then processed by a conventional 
channel -forming technique implementing reception focusing 

15 on the emission target point (s) 4. 

The processing in question, which consists in 
particular in picking up the signals and in applying 
differing delays to the signals as picked up, can be 
implemented by the summing circuit S. 

2 0 Advantageously, during this step of receiving the 

echoes, advantage can be taken of the non- linear acoustic 
behavior of at least one of the materials through which 
the excitation wave passes, i.e. the target medium 2 
and/or the reverberant solid object 7 (in practice, it is 

2 5 mainly the target medium 2 that will present non- linear 

acoustic behavior, since the material of the reverberant 
solid object preferably presents acoustic behavior that 
is linear) . The excitation wave is generated at an 
amplitude that is sufficient for waves that are harmonics 

3 0 of the central frequency f c to be generated at a level 

that is sufficient for it to be possible to receive the 
echoes returning from the target medium 2 at a receive 
frequency that is an integer multiple of the central 
emission frequency f c . 
3 5 Advantageously, echoes returning from the target 

medium 2 at a frequency that is two or three times the 
frequency f c are thus received. 
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Such frequency- selective reception can be obtained 
either by the very structure of the receiver transducers 
10, in known manner, or else by frequency filtering the 
signals coming from the receiver transducers 10. 
5 By receiving in this way at a frequency that is 

different from the frequency f c , reception is not 
disturbed in any way by the excitation wave itself, even 
though this excitation wave is of particularly long 
duration because of the multiple reflections inside the 

10 reverberant solid object 7. 

Although the apparatus 1 is described above as being 
an ultrasound imaging apparatus, where appropriate, in 
addition to imaging or independently of imaging, the 
apparatus could be used for the purposes of : 

15 • generating a shear wave in the target medium 2; or 

• locating heating the target medium. 
In order to generate a shear wave, e.g. in order to 
proceed with imaging followed by propagating the shear 
wave, in particular as described in document FR— A— 

20 2 791 136 or in French patent application No. 02/10838, 
the above-mentioned ultrasound excitation wave s(t) can 
be emitted over a relatively long duration, e.g. lying in 
the range 10/f c to 200,000/f c with (continuous or 
stepwise) amplitude modulation enabling radiation 

25 pressure to be applied on the target medium 2 in order to 
generate the shear wave. 

Alternatively, when the purpose is to heat the 
target medium 2 locally, the emission transducers 6 may 
emit the above-mentioned ultrasound excitation wave s(t) 

30 (continuously or otherwise) for a duration longer than 
0.5 seconds (s) , and preferably over a broad frequency 
band. This generates a temperature rise in the medium 2 
that may lie in the range a few degrees to a few tens of 
degrees . 

3 5 It should be observed that the method and the 

apparatus of the invention could also be used for 
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precision ultrasound cleaning applications or for 
ultrasound welding applications. 



